Bacillus anthracis vegetative forms assemble an S-layer comprised of two S-layer proteins, Sap and EA1. A hallmark of S-layer proteins are their C-terminal crystallization domains, which assemble into a crystalline lattice once these polypeptides are deposited on the bacterial surface via association between their N-terminal S-layer homology domains and the secondary cell wall polysaccharide. Here we show that slaQ, encoding a small cytoplasmic protein conserved among pathogenic bacilli elaborating S-layers, is required for the efficient secretion and assembly of Sap and EA1. S-layer protein precursors cosediment with SlaQ, and SlaQ appears to facilitate Sap assembly. Purified SlaQ polymerizes and when mixed with purified Sap promotes the in vitro formation of tubular S-layer structures. A model is discussed whereby SlaQ, in conjunction with S-layer secretion factors SecA2 and SlaP, promotes localized secretion and S-layer assembly in B. anthracis.
S
-layer proteins (SLPs) are endowed with crystallization domains that, following their secretion and association with envelope polysaccharides, promote self-assembly into a two-dimensional crystalline lattice (1) . S-layer proteins are initially synthesized in the bacterial cytoplasm as precursors with Nterminal signal peptides, which are removed during translocation across the plasma membrane (2) . Six consecutive immunoglobulin-like domains of Geobacillus stearothermophilus S-layer protein SbsB, organized into -shaped, disk-like monomeric crystallization units, are stabilized by interdomain calcium ion coordination, which functions as a switch for the formation of a condensed quaternary structure in the mature S-layer (3) . The crystallization domains of SbsB and many other S-layer proteins are endowed with the propensity for self-assembly (3-6). Therefore, what mechanisms prevent the crystallization of S-layer proteins in the bacterial cytoplasm, support their secretion, and promote assembly in the bacterial envelope? We sought to address these questions by studying the assembly of S-layer proteins in Bacillus anthracis.
B. anthracis is a Gram-positive, spore-forming bacterium and the causative agent of anthrax (7) . Following spore uptake and germination in host tissues, B. anthracis replicates as vegetative forms and disseminates to all organ tissues, eventually triggering the death of infected hosts (8) . B. anthracis sporulates in carcass tissues, and contamination of animal products or of the environment promotes spore dissemination to new hosts (8) . The pathogenesis of anthrax infections depends on a number of virulence factors that are encoded on two large plasmids, pXO1 and pXO2 (9, 10) . Loss of either of these plasmids leads to attenuation of B. anthracis (11, 12) , a trait that has been exploited for the generation of whole-cell anthrax vaccines (13) . A hallmark of B. anthracis is its propensity to grow as chains of incompletely separated vegetative cells (7) , with chain lengths that exceed the capacity for uptake by host phagocytes (14) .
Genetic approaches identified determinants of B. anthracis chain length (15, 16) . Insertional lesions in bslO, sap, and csaB, as well as patA1 and patA2, increase the chain lengths of B. anthracis vegetative forms without affecting the size of bacterial cells (15) (16) (17) (18) . bslO encodes a secreted cell wall hydrolase with S-layer homology (SLH) domains that bind to pyruvylated secondary cell wall polysaccharide (SCWP) (15) , comprised of the repeating unit [¡4)-␤-ManNAc-(1¡4)-␤-GlcNAc-(1¡6)-␣-GlcNAc-(1¡)] n (19, 20) . BslO functions as a murein hydrolase when deposited at the division septa of vegetative cells and promotes cell separation, thereby reducing chain length (15) . B. anthracis variants lacking the S-layer protein Sap cannot restrict BslO localization to septal rings; similar to bslO mutants, sap variants form elongated chains of vegetative bacilli (16) . csaB mutants display the most severe cell separation defect, and the variants are unable to deposit any S-layer or S-layer-associated proteins with SLH domains in the envelope of B. anthracis (17, 21) . csaB is thought to encode a pyruvyl transferase that transfers ketal-pyruvyl onto the terminal ␤-ManNAc residue at the distal end of the SCWP (20) . Finally, PatA1 and PatA2 catalyze acetylation of the SCWP, thereby enabling the deposition of EA1 as well as BslO near the septal region of the B. anthracis envelope (18) .
B. anthracis mutants with moderate-chain-length phenotypes harbor mutations in the slaP and secA2 genes, which are located upstream of the csaA-csaB-sap-eag gene cluster (22) . secA2 en-codes a paralogue of SecA, the bacterial secretion ATPase that translocates precursors with N-terminal signal peptides through the SecYEG translocon and across the plasma membrane (23) (24) (25) . The exacerbated-chain-length phenotype of slaP and secA2 mutants is attributed to the inefficient secretion of the S-layer proteins Sap and EA1 (coded for by eag) (22) . Of note, secretion of S-layer-associated proteins (Bsls) or other secretion substrates (e.g., protective antigen [PA]) is not affected in secA2 or slaP mutants (22) . SecA2 and SlaP are thought to modify the SecYEG pathway of B. anthracis and provide for the secretion of large amounts of Sap and EA1, which are subsequently deposited into the bacterial S-layer (22) .
We entertained the possibility that B. anthracis expresses additional factors involved in the secretion and assembly of S-layer proteins. Here we report on the identification of slaQ, a gene located immediately adjacent to secA2-slaP and the S-layer gene cluster.
MATERIALS AND METHODS
Bacterial strains and culture conditions. B. anthracis Sterne 34F2 (11) and its mutants (Table 1) were cultured in brain heart infusion (BHI) broth supplemented with 0.8% NaHCO 3 . Unless otherwise indicated, cultures were incubated at 37°C or at 30°C when harboring the vector pLM4 (26) . Escherichia coli strains DH5␣ (27) , K1077 (dcm dam mutant) (28) , or BL21(DE3) (29) were cultured in Luria-Bertani broth (LB). Media were supplemented with 20 g/ml kanamycin or 200 g/ml spectinomycin to maintain plasmid or mutant selection in B. anthracis and with 50 g/ml kanamycin or 100 g/ml ampicillin in E. coli. B. anthracis strains were sporulated in modified G (ModG) medium as described previously (30) . Spore preparations were heat treated to kill vegetative bacilli and stored at 4°C. Spores were enumerated by spreading of samples on agar plates and incubation for CFU. Spores were germinated by inoculation into BHI broth and incubation at 37°C.
B. anthracis mutants and plasmids. Plasmid DNA was purified from E. coli K1077 and used to transform B. anthracis (31) . Deletion mutants were obtained by allelic replacement using the temperature-sensitive plasmid pLM4 (Table 1) (26) . Briefly, 1-kb upstream and downstream DNA sequences flanking the gene of interest were PCR amplified with specific primers (Table 2) , cloned by restriction digestion into pLM4, and transformed into B. anthracis. Transformants were grown for 10 h at 42°C in the presence of 20 g/ml kanamycin; cultures were diluted into fresh medium and grown under the same conditions for four passages. Cultures were then diluted for another four passages into medium lacking antibiotics and grown for 10-h intervals at 30°C. Mutants were screened for growth on BHI agar and no growth on BHI-kanamycin agar. All complementation plasmids were derived from pJK4, and the expression of its P spac promoter was induced with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) (32) . The primers for the amplification and construction of genes and plasmids are listed in Table 2 .
Antibody production. Recombinant SlaQ was produced in E. coli BL21(DE3) harboring plasmid pSN8. Overnight cultures were diluted 1:50 in LB supplemented with 100 g ampicillin/ml at 30°C. IPTG (1 mM) was added to the cultures at an A 600 of 0.5, and expression of N-ter- minal His-tagged SlaQ ( His SlaQ) was induced for 3 h. Cells were sedimented by centrifugation, suspended in column buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl), and lysed in a French press. Cell lysates were subjected to affinity purification over an Ni-nitrilotriacetic acid (NTA) column (Qiagen) and eluted with 500 mM imidazole. Eluates were pooled and dialyzed in 1ϫ phosphate-buffered saline (PBS). Purified protein (700 g) was emulsified in complete Freund's adjuvant (Difco) and injected subcutaneously into a female New Zealand White rabbit. Antibody production was stimulated in 21-day intervals with two booster injections of antigen emulsified in incomplete Freund's adjuvant. Rabbit antibodies were used for immunoblotting experiments. Microscopy of bacilli. Vegetative forms were grown as indicated, sedimented by centrifugation, and fixed with 4% buffered formalin. Images were captured with a charge-coupled device (CCD) camera on an Olympus IX81 microscope using 40ϫ or 100ϫ objectives. For immunofluorescence microscopy, samples were incubated with dilute rabbit antiserum raised against purified recombinant Sap, BslO, or EA1 (15, 16) and labeled with secondary antibody conjugated to a fluorophore (Molecular Probes). Cells were counterstained with boron-dipyrromethene (BODIPY)-vancomycin (Invitrogen). A Leica SP5 tandem scanner spectral 2-photon confocal microscope was used to observe cells with a 63.1ϫ objective.
S-layer fractionation. B. anthracis overnight cultures were diluted 1:100 into fresh media and incubated with rotation until they reached an A 600 of 1.0. Cultures were centrifuged at 16,000 ϫ g, and the supernatant (medium [M] fraction) was separated from the sediment. Proteins in the medium were precipitated with (10% vol/vol) trichloroacetic acid (TCA) for 30 min on ice and centrifuged at 16,000 ϫ g for 10 min. The bacterial sediments were washed twice with 1ϫ PBS, and the S-layer was extracted with 3 M urea at 95°C. Cells were sedimented by centrifugation at 16,000 ϫ g, and the supernatant (S-layer [S] fraction) was removed and proteins precipitated with TCA. The bacterial sediment was washed twice with PBS and lysed by physical force using silica bead beating for 3 min at 6.0 m/s (MP Biomedical Fastprep-24). After sedimentation of the beads, proteins in the cell lysates were precipitated with TCA (cell [C] fraction). All TCA precipitates were washed with ice-cold acetone and centrifuged at 16,000 ϫ g for 10 min. Acetone was removed, and protein precipitates were dried. Samples were suspended in 1 M Tris-HCl (pH 8.0)-4% SDS and mixed with an equal volume of 2ϫ sample buffer (4% SDS, 1% ␤-mercaptoethanol, 10% glycerol, 50 mM Tris-HCl [pH 7.5], 0.2% bromophenol blue). Proteins were separated by SDS-PAGE and analyzed by staining with Coomassie brilliant blue or electrotransferred to polyvinylidene difluoride (PVDF) membrane for immunoblot analysis. Proteins were detected with rabbit antisera raised against purified antigens. Immunoreactive products were revealed by chemiluminescent detection after incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology). Detection of tagged proteins was assessed using StrepMAB (IBA) or His probe (Promega). Signal intensity was quantified in ImageJ.
Membrane protein extraction. Diluted B. anthracis cultures were grown to an A 600 of 1.0, and vegetative forms were sedimented by centrifugation at 16,000 ϫ g for 10 min. Bacilli were washed and suspended in cytoplasmic buffer (50 mM HEPES, 66 mM potassium acetate, 10 mM magnesium acetate [pH 7.5]). Cells were lysed by bead beating for 10 min at 4.5 m/s. Lysates were subjected to ultracentrifugation at 100,000 ϫ g for 30 min. Soluble (Sol) proteins from the cytoplasm were removed with the supernatant. The plasma membrane sediment (PM fraction) was extracted with 0.1 M sodium carbonate or cytoplasmic buffer and incubated for 30 min. Extracts were again subjected to ultracentrifugation at 100,000 ϫ g for 30 min. Soluble proteins were removed with the supernatant (S fraction). Proteins in the extracted membrane pellet (P fraction) were suspended in cytoplasmic buffer. Proteins in all samples were pre- TTTGGTACCTTACTTCTCAAATTGAGGATGAGACCATTTCGTCACTAATAAACGTTCAATATGATATTCA  pSN15  411  TTTTCATATGTACAAACAGTTACCACACGGAGTG  pSY185  412  TTTTCTCGAGTTACTTCTCAAATTGAGGATGAGACCATTTC  pSY185  405  TTTTCATATGGGTAAAACATTCCCAGACGTTCC  pSY183  406  GCGCCTCGAGGTTTTTTTGTTGCAGGTTTTGCTTCTTTAATAG  pSY183  407  CACACCGGTGGTCGCAGCAGCCATCACCATCATCACCACTAAGGATCCCACCACCACCACCACCACTGAGATCC  pSY183  408  TGATGGCTGCTGCGACCACCGGTGTGATGGATATCTGCGCTATTCGGTTTTTTTGTTGCAGGTTTTGCTTC  pSY183 cipitated with TCA, washed with acetone, and solubilized in sample buffer prior to analysis by SDS-PAGE and immunoblotting. Affinity chromatography. Overnight cultures of B. anthracis Sterne (pSN9) were diluted 1:100 in fresh BHI medium supplemented with 20 g/ml kanamycin and 0.1 mM IPTG and incubated until they reached an A 600 of 1.0. Bacilli were sedimented by centrifugation and lysed by bead beating in column buffer at 4.5 m/s for 10 min. Cellular debris was removed by centrifugation at 8,000 ϫ g for 10 min. The cleared lysate was centrifuged at 100,000 ϫ g for 30 min. Soluble proteins ( His SlaQ) in the supernatant were subjected to affinity chromatography using Ni-NTA-Sepharose. His SlaQ was eluted with 500 mM imidazole. The load (L), wash (W), and eluate (E) fractions were analyzed by immunoblotting and chemiluminescence detection. Signal intensity was quantified using ImageJ analysis.
Purification of SlaQ STREP . An overnight culture of E. coli BL21(DE3, pSY185) grown at 30°C in LB (50 g kanamycin/ml) was diluted 1:40 into 2 liters of fresh medium and incubated with 150-rpm rotation at 30°C for 4 h (A 600 of 0.65). IPTG (1 mM) was added to induce streptavidin-tagged SlaQ (SlaQ STREP ) expression, and the culture was rotated for another 4 h at 30°C (A 600 of 1.57). Bacteria were sedimented by centrifugation of the culture at 6,000 ϫ g for 10 min. Wet cell paste (15.8 g) was suspended in 30 ml of 0.05 M Tris-HCl (pH 7.5), 10 mg lysozyme, and 10 mg DNase I and frozen at Ϫ80°C. For purification, the sample was thawed on ice, vortexed, and lysed with two passes through a French press at 14,000 lb/in 2 . The lysate was centrifuged at 32,000 ϫ g for 30 min, and the supernatant was separated from sediment and loaded onto 1.5 ml StrepTactin-Sepharose, preequilibrated with 15 ml column buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl). The column was washed with 15 ml column buffer and 15 ml 20 mM Tris-HCl (pH 8.0) and eluted with 4 ml of 5 mM desthiobiotin in 20 mM Tris-HCl (pH 8.0). The concentration of purified SlaQ STREP was determined by 280-nm absorption, and the sample was diluted to 2 mg/ml and incubated at 4°C. Over time, SlaQ STREP forms visible aggregates that sediment spontaneously.
Purification of Sap His . An overnight culture of E. coli BL21(DE3, pSY183) grown at 30°C in LB (50 g/ml kanamycin) was diluted 1:20 into 2 liters fresh medium and incubated with 150-rpm rotation at 30°C for 2 h (A 600 of 1.395). IPTG (1 mM) was added to induce Histidine-tagged Sap (Sap His ) expression, and the culture was rotated for another 4 h at 30°C (A 600 of 1.66). Bacteria were sedimented by centrifugation of the culture at 6,000 ϫ g for 10 min. Cells from 1 liter of culture were suspended in 30 ml 0.05 M Tris-HCl (pH 7.5) and frozen at Ϫ80°C. For purification, the sample was thawed on ice, 10 mg/ml lysozyme and 10 mg/ml DNase I were added, the mixture was vortexed, and cells were lysed with two passes through a French press at 14,000 lb/in 2 . Lysate was centrifuged at 32,000 ϫ g for 30 min, and supernatant was separated from the sediment and loaded onto 1 ml Ni-NTA-agarose, preequilibrated with 20 ml column buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl). The column was washed with 2ϫ 20 ml column buffer and then 2ϫ 20 ml 20 mM Tris-HCl (pH 8.0)-25 mM imidazole and finally eluted with 4 ml of 250 mM imidazole in 20 mM Tris-HCl (pH 8.0). The concentration of purified Sap His was determined by absorption of 280-nm light, and the sample was diluted to 2 mg/ml and incubated at 4°C. Over time, Sap His forms visible aggregates that sediment spontaneously.
Size exclusion chromatography. Analytical size exclusion chromatography of affinity-purified SlaQ STREP and Sap His at a concentration of 2 mg/ml was performed at 4°C on a Superdex 200 10/300 GL column connected to an Äkta fast-protein liquid chromatography system (GE Healthcare). The running buffer, 20 mM Tris-HCl (pH 8.0), was degassed. Proteins were eluted at a flow rate of 0.5 ml min Ϫ1 , with the UV absorbance of the eluent monitored at 280 nm. Timed assembly reactions with purified SlaQ STREP and Sap His , either alone or mixed, were set up using identical concentrations of protein in a mixture containing 20 mM Tris-HCl (pH 8.0), 2.5 mM desthiobiotin, and 125 mM imidazole.
Electron microscopy. Affinity-purified protein or eluates of analytical size exclusion chromatography experiments were spotted onto glow-discharged, carbon-coated (Edwards Auto 306 Evaporator) copper grids (400 mesh) and were subsequently negatively stained using 2% uranyl acetate (Electron Microscopy Services, University of Chicago). Images were recorded using a TeCNAi F30 (Philips/FEI) transmission electron microscope (field emission gun, 300-kV accelerating voltage, with a magnification of 20,000 to 100,000ϫ) and a high-performance CCD camera with a 4,000-by-4,000 resolution. Images were acquired using the Gatan DigitalMicrograph software.
Synteny alignment. Synteny alignment was constructed using SyntTax (http://archaea.u-psud.fr/synttax/) anchored at the csaA and sap genes with a 10% minimal search threshold.
RESULTS

B. anthracis slaQ is required for S-layer protein secretion.
The secA2-slaP operon is located immediately adjacent to and is divergently transcribed from the S-layer gene cluster (csaA-csaBsap-eag) (Fig. 1A) . Earlier work used transposon mutagenesis in B. anthracis Sterne 34F2(pXO1 ϩ , pXO2 Ϫ ) (wild type) and PCR mapping to identify insertional lesions in the vicinity of these operons (16, 33) . Here we assessed several of these variants for S-layer protein secretion by fractionating B. anthracis cultures. Briefly, mid-log-phase cultures were centrifuged to separate proteins in the culture medium (M) from the bacteria. S-layer proteins were extracted with 3 M urea and removed with the supernatant after centrifugation (S [S-layer]). The bacterial sediment was lysed to release cellular proteins (lanes C in Fig. 1B) . Proteins in each sample were precipitated with trichloroacetic acid (TCA), washed in acetone, and solubilized in hot SDS prior to analysis by Coomassie-stained SDS-PAGE or immunoblotting. The (Fig. 1B) . BAS0836 and BAS0835 are positioned downstream of and transcribed divergently from secA2-slaP (Fig. 1A) . The BAS0836::aad9 variant secreted only small amounts of Sap and EA1 into the medium, whereas S-layer protein secretion was not affected in the BAS0835::aphA3 mutant (Fig. 1B) . Secretion of proteins that are not destined for the S-layer, e.g., protective antigen (PA) and sortase A (SrtA), were not perturbed in the BAS0836 and BAS0835 mutants (Fig. 1B) .
BAS0836 was designated slaQ for S-layer assembly protein Q. The slaQ open reading frame is 375 nucleotides in length and encodes a 124-amino-acid (124-aa) protein with a calculated mass of 14,998.41 Da. To ascertain whether the S-layer phenotype of the BAS0836::aad9 mutant was caused by a defect in slaQ expression, the gene was deleted from the genome of wild-type B. anthracis (Fig. 2) . When analyzed for S-layer assembly by fractionation of B. anthracis cultures, the ⌬slaQ variant secreted reduced amounts of Sap and EA1 into the culture medium ( Fig. 2A and B) . Quantification of immune-reactive signals from three independent experimental determinations revealed that the B. anthracis ⌬slaQ strain secretes less Sap and EA1 into the culture medium than wild-type bacilli (Table 3) .
When assessed by immunoblotting with specific antibodies, slaQ expression was abolished in the ⌬slaQ variant; however, the abundance of SecA2 and SlaP, the known secretion factors for S-layer proteins, was not affected (Fig. 2B) . Furthermore, S-layer deposition of BslA and BslO, secretion of PA, or the abundance of SrtA was not affected (Fig. 2B) . Immunoblotting revealed that the abundance of Sap and EA1 was reduced in the ⌬slaQ mutant compared to wild-type B. anthracis, indicating that S-layer assembly was diminished (Fig. 2C) . The defects in S-layer protein secretion and assembly in the ⌬slaQ mutant were restored to wild-type levels when the mutant was transformed with pSN7, which provides for expression of wild-type slaQ ( Fig. 2A to C) . B. anthracis vegetative growth in BHI broth was not affected by the ⌬slaQ mutation or by pSN7 (Fig. 2D) . The ⌬slaQ mutant mislocalizes Sap and BslO in the bacterial S-layer. BslO, an SLH domain-containing murein hydrolase, has been implicated in the separation of vegetative bacilli following cell division and in controlling chain length (15) . Furthermore, the assembly of Sap on the surface directs proper localization of BslO to the site of activity at the septum (16) . To analyze BslO localization in wild-type and ⌬slaQ mutant bacilli, vegetative cells that had been sampled 2 or 4 h following germination were incubated with BslO-specific antibodies and analyzed by fluorescence microscopy. BODIPY-vancomycin was used to stain newly synthesized peptidoglycan at the division septum. BslO puncta were observed proximal to the septum in both wild-type and ⌬slaQ cells, albeit that BslO staining appeared increased in the ⌬slaQ mutant (Fig. 3B) .
When stained with Sap-specific antibodies, the ⌬slaQ mutant displayed discontinuous patches of intensity on the cell surface, unlike wild-type bacilli, which distribute the S-layer protein uniformly along their cylindrical envelope (Fig. 3A) . Of note, discontinuous distribution of Sap was only observed for cells harvested at early time points during growth-i.e., 2 h postgermination. At the 4-hour time point, a more uniform S-layer distribution of Sap was observed, albeit its abundance, measured by the intensity of its staining, was reduced compared to that of wild-type bacilli ( Fig.  3C and D) . The abundance and distribution of Sap and BslO were restored to wild-type levels in the B. anthracis ⌬slaQ(pSN7) strain (Fig. 3) . The distributions of EA1, the late-stage S-layer protein, appeared similar in wild-type and ⌬slaQ mutant cells: i.e., EA1 was deposited at the poles and septum (Fig. 4) . Thus, inactivation of ⌬slaQ results in the transient mislocalization of Sap during early exponential growth and in the reduced deposition of S-layer proteins in the envelope throughout the growth cycle.
SlaQ sedimentation in B. anthracis lysates requires S-layer protein production. Data in Fig. 2B indicate that SlaQ is located in bacterial cells and not secreted or deposited in the S-layer. In agreement with this, SlaQ does not encompass a hydrophobic signal peptide or membrane anchor (34) . To localize SlaQ in bacterial cells, wild-type B. anthracis and the ⌬slaQ variant were grown to the mid-log phase. Bacilli were sedimented by centrifugation and lysed, and cleared lysates were subjected to ultracentrifugation for 30 min at 100,000 ϫ g, thereby separating soluble proteins in the supernatant (Sol) from proteins that sediment with the plasma membrane (PM) (Fig. 5) . The experiment was performed in triplicate to quantify immune-reactive species: 54.45% Ϯ 0.12% of SlaQ was found soluble in the cytoplasm (Sol), but 45.55% Ϯ 0.12% sedimented with the plasma membrane (PM). Proteins in the plasma membrane fraction were further subjected to extraction with 0.1 M sodium carbonate (Na 2 CO 3 [pH 11]) (35) . Next, samples were subjected to ultracentrifuga- variants were germinated, and vegetative forms were fixed after 2 h (A and B) and 4 h (C and D) of incubation. Vegetative cells were subjected to immunofluorescence using rabbit antibodies specific for Sap (A and C) or BslO (B and D) followed by anti-rabbit secondary fluorophore conjugates. Bacilli were also stained with BODIPY-vancomycin to identify the cell wall envelope and septa of vegetative chains. Scale bar, 2 m. tion for 30 min at 100,000 ϫ g to separate proteins that are solubilized by sodium carbonate (soluble [S]) from integral membrane proteins that are refractory to sodium carbonate extraction and remain in the sediment (pellet [P]) (Fig. 5) . Treatment with sodium carbonate extracted 93.02% Ϯ 0.092% of SlaQ from membranes. Thus, although SlaQ cosediments with membrane proteins, this polypeptide does not insert into the lipid bilayer. As a control, sortase A (SrtA), an integral membrane protein that cannot be extracted with sodium carbonate treatment, was identified by immunoblotting (Fig. 5 ). SlaQ association with the plasma membrane was also examined in ⌬sap eag mutant bacilli, which cannot synthesize S-layer protein precursors (22) . In ⌬sap eag mutant cells, SlaQ was found to be mostly soluble, and its membrane association was diminished (Fig. 5) . These data suggest that SlaQ associates with the plasma membrane of B. anthracis during the secretion of S-layer protein precursors.
Secretion and S-layer assembly of Sap-mCherry hybrids. Sap is synthesized as an 814-amino-acid precursor protein harboring an N-terminal signal peptide (residues 1 to 30), three SLH domains (residues 34 to 197), and a large C-terminal domain (residues 210 to 814) that promotes the crystallization of the S-layer protein (4, 36) (Fig. 6A) . Predictions of secondary sequences suggest a high ␤-strand content in the C-terminal crystallization domain, with the possible formation of a bacterial Ig-like domain 2-fold between residues 211 and 476 (16) (Fig. 6A) . We generated translational hybrids between the 3= ends of various sap truncation mutants and the mCherry gene, which encodes a 28.8-kDa reporter protein (37) . The first 100, 400, or 814 (full-length) codons of sap were fused to the 5= end of the mCherry open reading frame. All constructs were cloned into pJK4, which provides for their IPTG-inducible expression via the P spac promoter (16) , and recombinant plasmids were transformed into B. anthracis Sterne (WT). Vegetative bacilli were grown to mid-log-phase cultures, fractionated into culture medium (M), S-layer (S), and bacterial cells (C), and analyzed by immunoblotting (Fig. 6B) . When expressed in B. anthracis, mCherry remained in the bacterial cytoplasm, whereas Sap 1-100 -mCherry was secreted into the culture medium (Fig. 6B) . Sap 1-400 -mCherry, which encompasses the signal peptide and the three SLH domains of Sap, was secreted into the culture medium and deposited in the S-layer compartment, similar to the fractionation profile of wild-type Sap and Sap 1-814 -mCherry (Fig. 6B) .
mCherry reporter plasmids were transformed into secA2, slaP, or slaQ mutant B. anthracis, and protein secretion and deposition into the bacterial envelope were examined. Similar to wild-type B. anthracis, mCherry and Sap 1-100 -mCherry were found in the cytoplasm and in the culture medium, respectively (data not shown). In contrast to wild-type bacilli, the secA2 and slaP mutants secreted reduced amounts of Sap 1-400 -mCherry and Sap 1-814 -mCherry into the culture medium, indicating that efficient secretion of the Sap signal peptide and SLH domains requires both SecA2 and SlaP (Fig. 6C) . Secretion of Sap 1-814 -mCherry but not of Sap 1-400 -mCherry required the expression of slaQ. These data suggest that SlaQ contributes to secretion and assembly of the C-terminal crystallization domain of Sap, which is located between residues 211 and 814, whereas signal peptidemediated initiation of the precursor or transport of the SLH domains is dependent on SecA2 and SlaP but not SlaQ (Fig. 6C) .
Purification of SlaQ from B. anthracis. To purify SlaQ from bacilli, the coding sequence for the 6-histidine affinity tag was inserted after the start codon of slaQ and the recombinant His slaQ gene was expressed from the P spac promoter in pSN9. As assessed by immunoblotting, pSN9 restored the expression of slaQ and the secretion of Sap and EA1 in the B. anthracis ⌬slaQ mutant (Fig.  7A ). For purification, B. anthracis ⌬slaQ(pSN9) vegetative cells were lysed, cellular debris was removed by centrifugation at 8,000 ϫ g, and bacterial lysate was subjected to ultracentrifugation at 100,000 ϫ g, thereby separating soluble and insoluble proteins. The cleared lysate (soluble proteins) was subjected to affinity chromatography on Ni-NTA-Sepharose and eluted with imidazole (Fig. 7B) . His SlaQ was detected in the eluate by silver-stained SDS-PAGE and immunoreactivity to recombinant SlaQ (Fig. 8B  and C) . Several other proteins were detected in the Ni-NTA affinity chromatography eluate from the B. anthracis ⌬slaQ(pSN9) lysate; however, these proteins were also detected in Ni-NTA affinity chromatography eluate from B. anthracis ⌬slaQ(pSN7) (for plasmid-borne expression of wild-type SlaQ), suggesting that they do not specifically associate with His SlaQ (Fig. 7B) . Aliquots of the lysate (L), wash (W), and eluate (E) derived from affinity chro- Spores derived from B. anthracis Sterne (WT) and its ⌬slaQ and ⌬slaQ(pSN7) variants were germinated, and vegetative forms were fixed after 8 h of incubation. Vegetative cells were subjected to immunofluorescence using rabbit antibodies specific for EA1 followed by anti-rabbit secondary antibody-fluorophore conjugates. Bacilli were also stained with BODIPY-vancomycin to identify the cell wall envelope and septa of vegetative chains. Scale bar, 2 m.
FIG 5
SlaQ sedimentation in lysates of B. anthracis requires S-layer protein precursor expression. Mid-log-phase cultures of B. anthracis Sterne (WT) or its ⌬slaQ and ⌬sap eag variants were lysed, unbroken cells were removed (8,000 ϫ g), and the lysate was subjected to ultracentrifugation (100,000 ϫ g) to separate soluble proteins (Sol) from others that sediment with the plasma membrane (PM). The sediment was then extracted with the buffer control (Ϫ) or with 0.1 M sodium carbonate at pH 11 (Na 2 CO 3 ) and again subjected to ultracentrifugation (100,000 ϫ g), separating soluble proteins in the supernatant (S) from insoluble proteins in the pellet (P). Proteins in all samples were precipitated with trichloroacetic acid, washed in acetone, and analyzed by immunoblotting with antibodies specific for SlaQ and SrtA, a membrane protein control. matography experiments were analyzed by immunoblotting, which revealed the purification of His SlaQ but not of SlaQ (Fig.  7D) . Sap, EA1, SecA2, and SlaP did not copurify with soluble His SlaQ, suggesting that soluble SlaQ does not form stable cytoplasmic complexes with other secretion factors or S-layer proteins (Fig. 7D) .
SlaQ promotes in vitro S-layer assembly of Sap. To study the role of SlaQ in in vitro Sap S-layer assembly, we generated affinity-tagged proteins, expressing slaQ STREP with an insertion of eight codons upstream of the stop codon, thereby generating SlaQ STREP with a C-terminal streptavidin tag (WSHPQFEK). Plasmid pSN15, with IPTG-inducible expression of slaQ STREP cloned into pJK4, was used to confirm that SlaQ STREP complements the Sap S-layer secretion and assembly phenotypes of the B. anthracis ⌬slaQ mutant (data not shown). pSY185, with IPTG-inducible expression of slaQ STREP from the T7 promoter of pET24b, was used to purify recombinant SlaQ STREP via StrepTactin affinity chromatography from cleared lysates of E. coli BL21(DE3, pSY185) (Fig. 8A) . When subjected to size exclusion chromatography on Superdex 200 at a concentration of 2 mg/ml, SlaQ STREP eluted as a peak at M r 700,000 to 2,000,000, suggesting that the protein forms large structures (Fig. 8C) . High-molecular-weight structures formed by SlaQ STREP could indeed be detected by electron microscopy of uranyl acetate-stained affinity-purified protein (Fig. 8B) .
The sap His gene was expressed from the T7 promoter of pSY183 in E. coli BL21(DE3) and lacks coding sequence for the N-terminal signal peptide of wild-type sap. Further, sap His was modified with coding sequence for C-terminal histidine tag and linker identical to that used for the purification of G. stearothermophilus SbsB (KPNSADIHHTGGRSSHHHHHH) (38) . Expression of sap His in the cytoplasm of E. coli leads to the formation of crystalline assemblies (data not shown). Nevertheless, soluble Sap His could be purified by Ni-NTA affinity chromatography from E. coli lysate (Fig.  8A) . When subjected to size exclusion chromatography on Superdex 200 at a concentration of 2 mg/ml, immediately following affinity chromatography (day 0), Sap His eluted over many fractions, indicating random multimer formation (Fig. 9A) . However, when Sap His (2 mg/ml) was incubated for 4 days at 4°C prior to chromatography, the protein eluted in a narrow and well-defined absorption peak with an elution volume of 13 to 15 ml (Fig. 9B) . Electron microscopy of this sample revealed tubular S-layer structures formed by Sap His (Fig. 9C and D) . Thus, similar to Geobacillus SbsB (39), purified Sap His is endowed with the propensity of self-assembly into an S-layer structure. Self-assembly of Sap His at a concentration of 2 mg/ml required time and could be observed after 4 days of incubation at 4°C.
When Sap His was mixed with SlaQ STREP immediately after affinity chromatography purification and subjected to size exclusion chromatography, the elution profile revealed a defined, narrow peak at 8 to 10 ml that contained both proteins (Fig. 10A) . A similar size exclusion elution profile was observed following incubation over 4 days, and large amounts of SlaQ STREP /Sap His eluted together at 8 to 10 ml (Fig. 10B) . Electron microcopy revealed abundant and elongated bundles of tubular S-layer structures several micrometers in length immediately after the mixing of affinity-purified SlaQ STREP and Sap His (Fig. 10C) . Similar structures were observed in the 8-ml elution peak of SlaQ STREP /Sap His during size exclusion chromatography (Fig. 10D) . Thus, in the presence of SlaQ STREP , Sap His rapidly forms elongated tubular S-layer structures. Taken together, our data suggest that SlaQ may facilitate Sap assembly at the membrane and, in conjunction with SecA2/SlaP, promote S-layer protein secretion and assembly in B. anthracis.
DISCUSSION
Proteins destined for secretion are synthesized as precursors with N-terminal signal peptides (40) . In bacteria, the SecYEG proteins form a translocation channel in the plasma membrane that is engaged when SecA, the secretion ATPase, recruits precursor proteins and moves them through the SecYEG channel (25, 41, 42) . The genomes of some Gram-positive bacteria harbor two secA genes: one that encodes the canonical SecA ATPase of the protein secretory pathway (23) and another that specifies a paralogue, SecA2, supporting the secretion of only one or a few select substrates (43) . SecA2 was first identified in Mycobacterium tuberculosis, where it promotes the transport of proteins across the mycobacterial envelope that aid in the pathogenesis of tuberculosis (44, 45) . Mycobacterial SecA2 recognizes the mature domains of a few secretory precursors to assist in their secretion, suggesting its primary function may be maintenance of export competence for proteins with the propensity for rapid folding (46) . Listeria monocytogenes secA2 was identified because mutations in the structural gene affect colony shape and cellular morphology, a phenotype that is attributed to the diminished secretion of cell wall hydrolases (i.e., p60 autolysin, NamA hydrolase, and two dozen other substrates) (47) (48) (49) . The gene for the Listeria SecA2 p60 substrate, cwhA, is located immediately adjacent to secA2, and this locus is conserved among pathogenic and nonpathogenic Listeria species (50). Thus, unlike M. tuberculosis, the Listeria secA2 pathway does not appear to be specifically involved in disease pathogenesis.
FIG 9
Self-assembly of Sap into S-layers. Purified Sap His was incubated at a concentration of 2 mg/ml at 4°C. (A) When subjected to analytical size exclusion chromatography immediately after affinity purification and dilution (day 0), eluate was monitored via absorbance at 280 nm, silver-stained SDS-PAGE, and electron microscopy. S-layer assemblies of Sap His were not detectable on day 0. (B) When analyzed by analytical size exclusion chromatography after 4 days of incubation at 4°C, Sap His eluted as a defined peak at 14 ml. (C and D) Electron microscopy of 14 ml eluate revealed tubular S-layer structures.
Streptococcus gordonii secA2 was first identified in a screen for diminished binding of bacteria to human platelets (51) . This phenotype could be assigned to the loss of secretion of GspB, a large, glycosylated cell-wall-anchored protein (51) . In streptococci and related microbes expressing GspB paralogues, secA2 does not act alone, as GspB secretion requires accessory factors, including secY2, a paralogue of secY, and asp1 to -5 (52). The Asp1 to -5 factors are unique to the accessory GspB pathway and interact with mature domains of the secretion precursor (53, 54) .
Gram-positive microbes that express SecA paralogues may or may not express a SecY paralogue. For example, the genome of B. anthracis harbors secY2; however, the structural gene is not clustered with secA2, slaP, and slaQ, and secY2 does not contribute to S-layer protein secretion (22) . Clostridium difficile, another Grampositive spore-forming microbe, assembles its S-layer from secreted S-layer proteins (SLPs), and SlpA and CwpV, a cell wall protein, require SecA2 for secretion of their precursors (55, 56) . The genome of C. difficile does not encode a SecY paralogue (56) . We show here that B. anthracis requires slaP and slaQ, encoding small cytoplasmic polypeptides, along with secA2 for efficient secretion of S-layer protein precursors, Sap and EA1. While SecA2 and SlaP are required for efficient secretion of mCherry hybrids encompassing the signal peptide and SLH domains of Sap, SlaQ functions to promote secretion of mCherry hybrids that include the C-terminal crystallization domain. Work with S-layer proteins from several different bacteria, including B. anthracis Sap, demonstrated the propensity of crystallization domains to rapidly assemble into two-dimensional paracrystalline lattices (4, 5, 57) . Factors that promote the assembly of S-layer proteins have not yet been reported.
We observed that B. anthracis SlaQ, a small cytoplasmic protein, sediments with bacterial membranes in a manner requiring expression of S-layer protein precursors (Sap and EA1). Affinity chromatography experiments revealed that soluble His SlaQ, purified from sedimented B. anthracis cell extracts, did not copurify with Sap or EA1. Thus, soluble SlaQ does not appear to form stable complexes with either of these two proteins. Purified SlaQ STREP , on the other hand, assembles into high-molecularweight structures that can be purified by size exclusion chromatography and are detectable by electron microscopy. We propose this attribute of SlaQ STREP can assist in the secretion and S-layer assembly of Sap and EA1 precursors at the bacterial membrane. In agreement with this model, self-assembly of purified Sap HIS is accelerated in the presence of SlaQ STREP . It is conceivable that SlaQ may constitute a scaffold for the rapid assembly of Sap; however, we cannot exclude other possibilities-for example, that SlaQ functions as a folding chaperone for S-layer assembly. Whatever the molecular underpinnings of SlaQ function, both proteins Sap and SlaQ physically interact with one another, as evidenced by the in vivo cosedimentation data and by the coelution of Sap His and SlaQ STREP during size exclusion chromatography. Future experiments need to distinguish between several different possibilities, including SlaQ-mediated stabilization of S-layer folding intermediates or the chelation of calcium ions that coordinate interdomain interactions of crystallization units for the formation of a condensed quaternary structure (3) .
The function of SlaQ toward S-layer assembly may be conserved in pathogenic bacilli, including B. anthracis, Bacillus cereus, Bacillus thuringiensis, and Bacillus cytotoxicus, whose genomes contain S-layer gene clusters (csaA-csaB-sap-eag) with accessory secretion genes (secA2-slaP-slaQ) (see Fig. S1 in the supplemental material). Thus, the accessory secretion factors SlaP and SlaQ appear to have evolved specifically to support secretion and assembly of Bacillus S-layer proteins. If so, S-layer protein precursors in other bacteria (for example, C. difficile) may have coevolved with specific secretion factors that support membrane translocation of their envelope binding domain, designated CWB2 in C. difficile, or of their crystallization domains (1).
